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SUMMARY

Framatome Advanced Nuclear Power is being designing a new generation NPP with boiling
water reactor SWR1000. Besides of various of modern passive and active safety features the
system is also designed for controlling of a postulated severe accident with extreme low
probability of occurrence. This work presents the rationales behind the decision to select the
external cooling as a safety management striegy during severe accident. Bounding scenery
are analyzed regarding the core melting, melt-water interaction during relocation of the melt
from the core region into the lower head and the external coolability of the lower head. The
conclusion is reached that the external cooling for the SWR1000 is a valuable strategy for
accident management during postulated severe accidents.

Key words: Nuclear Reactor, Boiling Water Reactor, External Cooling, Melt-Water
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1. INTRODUCTION

Framatome Advanced Nuclear Power is being designing a new generation NPP with
boiling water reactor SWR1000. The primary objective of the safety concept of the SWR1000
[1] is to rule out core damage at any pressure including high pressure by an efficient defense
in depth safety concept with redundant and diverse active and passive systems for accident
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detection and control [2]. As reported in [3], the probability of occurrence of accidents that
may lead to core damage is extremely low. Nevertheless, bounding core melt accidents are
postulated and their control is organized by exploiting the concept of external cooling of the
reactor pressure vessel (RPV). In-vessel melt retention is verified by the state of the art
experience and experiment with structural penetrations into the lower head.

The subject of this study is to investigate the responds of the system to the highly
unlike accidents leading to core melt.

2. STATE OF THE ART

The most important new feature of the next generation nuclear power plants is the
strategy to handle severe accidents with vanishing small probability of occurrence. Generally
nuclear power plants (NPP) with larger or equal then 1000 MW electric power {MWe) are
accomplished with dry spreading devises for first collecting the melt and than stabilizing and
controlling it. NPPs with reactors around 440 to 640 MWe are accomplished with external
cooling capabilities. Next some examples are given: The European Pressurized Water Reactor
(EPR), which with its 1800 MWe is the largest designed PWR to day, contains dry spreading
compartment cooled from below for collecting and controlling the total amount of core melt -
see Bouteille and Fischer [4] and Mallet and Klaus [5] for more detail. Dry melt collecting
devise cooling from below is provided also for the ABB 90+ NPP with 1000 A/We - see
hung et al [6]. The AP600 project consider the external cooling of the vessel as a severe
accident management strategy for a reactor of 600 MWe - see Theofanous et al [36, 37] and
Rempe et al [7]. This concept is adapted for the existing NPP in Finland with WWER 440
MWe type reactors [36, 37] and for the new Russian project for WWER 640 MWe reactor
[38].

Generally speaking not the absolute thermal power influences the decision whether
external cooling is a useful strategy or not but the decay power at the moment of the melt
relocation into the lower head. Even molten core of reactors with large power can be
effectively externally cooled if the decay heat power at the moment of relocation is below
given limits. The limits depend on the cooling surface - to - collected corium volume ratio and
on the thickness of the molten steel layer above the corium at the time of relocation [8]. Of
course, melt-water interactions during the relocation phase have to be carefully studded and
the resulting loads compared with the potential of the vessel to sustain the interactions.

In Chapter 3 we describe the defense in depth concept for the SWR1000 in-vessel melt
retention strategy. In Chapter 4 we postulate a bounding scenario resulting in maximal loads
for the system. In Chapter 5 we describe the core melt phase using the MELCOR computer
code, discuss briefly the uncertainty and select the initial conditions for the following
analyses. In Chapter 6 we analyze three representative melt-water interaction scenery during
the core relocation using the computer code IVA6. Conclusions are drawn about the integrity
of the system. In Chapter 7 the results of the external cooling analysis are presented with
global- and single components analysis. The analysis contains also a short review of the
nuclide boiling limitation in suchgeometries. Chapter 8 contains the conclusions.

3. THE SWR 1000 PREVENTATIVE STRATEGY

The defense in depth concept for the in-vessel melt retention contains three main
barriers to the melt on its way to escape the reactor vessel: The Barrier 1 is the highly reliable
depressurization system. Low pressure melt-water interactions during the melt relocations in
externally flooded vessel results in forces, which are kept by the vessel wall that is cold at that
time. The Barrier 2 is the external vessel cooling verified by the state of the art experience
and experiment with structural penetrations into the lower head [8, 9]. Large scale



experiments to this particular geometry are in progress [42]. The Barrier 3 is the support of
all penetrations by mechanical structure being under water in case of severe accidents. The
penetrations and the control rod structures are mechanically connected to a horizontal concave
steel diaphragm shield with a mass of about 72t having about 15 cm thickness and about 9 m
diameter below the lower head being flooded during postulated severe accidents. The
important goal achieved by this measure is: If some of the welds between the pentration and
the lower head fail due to thermal stresses [10], it does not lead to melt relocation from the
lower head into the reactor pit because the penetrations are still kept at the same place and are
cooled by the external cooling water. The oxide crust which is very thick at those regions with
low internal heat transfer coefficients [9], seals the welds and keep the melt stable inside the
lower head.

4. POSTULATED VERY LOW PROBABILITY ACCIDENTS

First note that the SWR1000 core under water can not melt by residual decay heat. Such
core undergoing severe damage have to be dry. To get the core dry several unrealistic
assumption have to be done. As a basic for our consideration we postulate the scenario: stuck
open safety valve, successful shut down of the reactor, and not available active and passive
cooling system. Although the emergency condenser is operational in this case drying the core
is possible with a probability of2xlO~n per year Schmaltz [3]. Note that this probability is so
low, that it is behind the mankind imagination for reality.

5. THE CORE MELT PHASE

A computational simulation of a core melt process for the particular geometry of the
SWR-1000 using the MELCOR computer code is presented by Kronenberg in [11]. A brief
summary is given in this section.

The analysis shows that first low melting point materials (cladding, stainless steel,
Gd2C>3 and boron) melt and run away from the hot region axially under gravity through the
available open spaces. The colder parties at the outer and at the lower part of the core
facilitate crust formation. What remains behind, is overheated uranium dioxide pellets, that
are readily reduced to rubble. Without water supply the pellets melt and form a pool of molten
ceramic mixture. The life of the crust determines the average superheating of the melt with
respect to the oxide melting point. Due to possible mechanical disruption of the crust or
melting of the core shroud the molten ceramic sea is released downwards, filling the lower
head of the vessel. Strong melt relocation from the core region into the lower head is
predicted to happen after between 25 000 s and 28 000 s starting with 60 t of the core material
and ending in the computation with up to 1221 melt (70 t UO2,18.5 tZt,\4t ZrO2, 16 t steel,
2 t iron oxide and 1.5 t B4C) with an averaged temperature of 2700 K. At this time there are
still 105 ? of water in the lower head.

Note that such analysis are still associated with considerable uncertainty. This is the
reason why we assume for our analysis a very conservative approach, that is 189 t oxide,
which is 100% of the core material, is available for relocation. The initial state for our
analysis is the molten pool formed in the core region. First we analyze in Section 6 the
interaction of the melt with the remaning water during the relocation process for several
postulated release modes. Then we study in Section 7 the coolability of the melt collected in
the lower head.
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6. THE CORE RELOCATION PHASE

6.1 Briefly about the IVA6 computer code and its verification procedure

The modeling technology used to simulate melt-water interaction is the computer code IVA6
and its verification procedure. IVA6 is a computer code for computational simulation of
multi-phase flows. The flow is described by means of three velocity fields. Each of the field
consists of several chemical components. The first field presents gas mixtures of up to 13 real
gasses in addition to water vapor. The gasses may be air, nitrogen, helium, oxygen, carbon
dioxide, methane, carbon oxide, hydrogen, ethane, propane, n-Butane, sulfur dioxide and
argon in arbitrary combination. The number and the kind of the appearing components have to
be specified as a part of the input. The second and the third velocity fields consist of liquid
water and inert components of different species. In the limiting case of absence of water in
one of these fields or in both of them the inert components are allowed to be a material being
either in molten state, or in solid-liquid equilibrium state, or in liquid state. One of the
following inert materials may be chosen: uranium dioxide, nclear reactor corium (mixture
consisting of 76% UQ2, 24% ZrO2), zirconium, zirconium dioxide, stainless steel, aluminum
dioxide, silicium dioxide, iron oxide, molybdenum, aluminum. Each of the three field
possesses its own velocity and temperature. Thus, the flow is in a complete thernedynamic
and mechanical non-equilibrium with all consequences for interfacial heat, mass and
momentum transfer. The fields are allowed to be continuous or disperse. The transition of the
fields between continuum and dispersion as well as the local size of the dispersions are
modeled by means of dynamic fragmentation and coalescence modeling. The geometry of the
space within the flow is simulated, is described either in Cartesian or cylindrical coordinates.
In addition pipe networks are simulated consisting of arbitrary number of pipes and
components like, pumps, valves etc. The pipe network is connected with the three
dimensional space. Local surface permeabilities in the three main directions and local
volumetric porosities are defined as a function of times as for the 3D space. The same is valid
also for the pipe network. The numerical method used for integration of the system of the
resulting partial differential equations is: first order donor-cell discretization for the
convective terms, second order central differencing for the diffusion terms, first order time
discretization, implicit. The method is characterized by a strong coupling between the velocity
fields obtained by analytical reduction of the algebraic problem to a pressure equation and
successive substitutions. The code possesses powerful visualization systems, SONJA, for
input processing, post-processing, on-line visualization and movie production. IVA6 is
written in the modern FORTRAN 95 language and is running on all modern computers and
platforms having this compiler. SONJA is written on C and works on platforms having this
compiler and OpenGL. These may be either UNIX workstations or PCis under LINUX.

Information about the code is available in [12, 13] and the numerous references given
there. The verification procedure for melt-water interaction is presented in [14] and will not
be repeated here.

The use of this methodology to the European Pressurized Water Reactor (EPR) steam-
explosion study is already demonstrated in [15, 16, 17]. In this study we apply this method to
the SWR1000 in-vessel melt retention solution.

6.2 Analysis

6.2.1 In-pipe interactions (Case 1)

Massive melt penetration into the guide tube from the top seams not to be possible due
to the design of the geometry. Nevertheless, we postulate melting of the thin walls, which



normally lead the coolant water into the fuel rods in normal operation. The target of this
particular analysis is to see the order of magnitude of pressures that may occur during the
interaction and to judge whether the guide tube have to be assumed as broken after the first
interaction or not. The results show that the guide tube will fail in such situations.

Initial, boundary conditions, geometry representation: In this case we study the behavior of
the melt penetrating into the guide tubes which are partially filled with water. The initial
conditions and the used geometry are given in Fig.l. The full height of the reactor vessel is
simulated but not presented in the picture. The task is reduced to two dimensions with
(13x33) = 429 computational cells. The upper structures are assumed to be molten so that the
dispersed melt can penetrate also in the down comer. We assume oxide melt with 3000AT
temperature, residual saturated water at about 4 bar system pressure. We consider only one
guide tube allowing melt to penetrate in it. The initial water level is below the melt level.

Fig. 1 Material relocation as a function of time and space. Parameter: Time 0, 0.23, 0.24,
0.26, 0.27, 0.33, 1.17, 7.25, 16.74, 34.46s.
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Fig. 3 Pressure at the bottom of the guided tube as a function of time -short-term interaction.

Results of the computational analysis: The material relocation is presented in Fig. 1 for
different times. The pressure curves along the tube are very similar, see Fig.2, which presents
the pressure as a time function at the top and at the bottom of the tube. Comparing the
material relocation history with the pressure history the following interaction picture is
revealed. The melt requires 0.2 seconds to penetrate in the tube and to reach the water. The
first interaction happens within 0.1 s. The interaction causes pressure peak of about 100 bars,
Fig.3. Note that such simulations are subjects of uncertainty of about 50% of the pressure
increase as reported in [14, 18] due to different uncertainties in the separate effects and global
model. The stress in the guiding pipe for 150 bar pressure spike is 5190 xlO6 N/m*. It is
considerably higher then the allowed stress of 1200x106N/m2. The duration time of 10 ms is
considerably larger then the characteristic time period for axial oscillations (lms) and for the
radial oscillation (0.03 ms). Therefore the guide tube will fail [19].

Note, that the bottom of the control rod guiding pipes is formed of structures much
stronger then the wall of the pipes which can sustain much larger loads.

This interaction consumes only small part of the water in the tube - see Fig.l. After
this interaction three-phase melt-water-steam mixture is repulsed into the melt pool causing
interaction in such a way that the melt is dispersed upwards. The gravitational sedimentation
of the melt then governs the events in the next period. Dispersed melt continues to penetrate
into the guided tube causing evaporation. Hot materials are then collected at the bottom of the
tube causing flushing of the water and complete blow down of the water out of the pipe. This
stops the interaction in the tube because there is no more water left. Very similar events
happen in the lower head and in the down comer.

Conclusions: If we postulate that hot oxide melt penetrates into the guide tubes that are
partially filled with water for what ever reason, the tubes will fail above their support inside
the lower head. This event has no severe consequences for the vessel because the forces are
not acting directly on the pressure vessel wall but on internals which dissipate such pressure
spikes by eventual failure. The water participating in the first, the most violent, interaction is
very limited, and therefore the mechanical energy release is very limited.

6.2.2 Relocation through the lower core grid (Case 2)

After analyzing the Case 1 and finding out that if melt penetrate in the guide tube filled
partially with water failure is probable, we could expect that a secondary melt release into the
tube will then interact with the water in the lower head. That is why we postulate in Case 2
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that the melt penetrates into the single broken guide tube and interacts with the water in the
lower head. This case may be postulated to happen also with non-destroyed guide tubes.

TlnK '

Time: 00:00:000009
1VA6

SWR 1O0O

Fig.4 Geometrical representation of the lower part of the reactor vessel. The simulation
contains the total vessel geometry.

Initial, boundary conditions, geometry representation: The assumptions regarding the intact
geometry and the initial conditions are listed below: We assume no intact structures above the
molten pool. A cross section above a guide tube is free for melt to penetrate in the pipe. The
internals in the lower head are modeled so as to concentrate the pressure wave downwards.
The support shroud is considered intact in the lower head. The discretization used is (8x6x29)
= 1392 cells for the half of the reactor vessel - see Fig.4. We assume that the vessel contains
1.7 t steam with temperature 419.15 K, 90 t water with temperature 417.75 K and 188 t melt
with temperature 3000 K. The initial inside vessel pressure is 4.1 bar. At the steam nozzles
constant pressure 4.1 bar is assumed as a outlet boundary condition.

T inK

SWR 1OOO Time: 0ftOl:110S9& SWR 1000 Time: 00:02:019261
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Time: 0(MB:028&86 SWR 1OOO Time: 00:04:139474 SWR 1OO0 Time: 00:04:745250 SWR 1000

Fig. 5 Volume concentration of melt and water as a function of space and time. The color with
which the melt is presented corresponds to its temperature.
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Results of the computational analysis:The material relocation is presented in Fig.5 for
different times. Fig.6 presents the pressures at the top and at the bottom of the vessel as a time
function. Analyzing the melt relocation together with the pressure as a function of time the
following interaction picture is revealed. Melt accelerates before reaching the water surface
due to the gravitation. The intermixing in that case give rise for the first interaction. We see
that due to the very limited amount of melt participating in the interaction the local pressure
maxima are below 10 bar, which is of no concern for the vessel integrity. After the first
interaction three-phase melt-steam-water mixture is repulsed into the molten pool causing
local fragmentation and channeling which lead to prssure release in the lower head. Melt
then penetrates again into the tube but find regions predominantly occupied by steam. In this
way the melt continues to relocate in the lower head. The moderate interactions cause
elevated pressure level and displacement of part of the lower head water into the down comer.
Sloshing of water in the lower head reaching regions rich in melt and being «pulsed
cyclically leads to pressure waves. The pressure waves reaching the upper head being above
20 m from the interactions are very smooth as shown in Fig.6.
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Performing similar analysis, but with 0.5 radialpermeabilities of the internals of the
lower head results in the short term behavior as presented in Fig.7. Quantitatively the picture
is similar.
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Conclusions: Melt relocation through a broken guide tube or directly into the lower head
partially filled with water causes very limited local melt water interactions due to the low
amount of mass participating in the interaction which is of no concern for the vessel integrity.

6.2.3 Side relocation (Case 3)

Side release of melt from a postulated molten pool in the core region is the most probable
failure mode of the core shroud because the heat transfer coefficients have theirmaxima at the
wall in the region of the melt free surface. That is the reason why we analyze such scenario in
this study.

Initial, boundary conditions, geometry representation: Melt release cross section: Analysis
performed by Wittmaak [20] demonstrated that initial failure cross section behave differently
if the release is of metal or of oxide. In the first case the cross section increases with the time.
In the second case the assumed initial cross section almost remain unchanged because of the
bad conductivity of the flowing oxide and the low heat transfer coefficient between the oxide
and the structure controlling the melt erosion. We assume conservatively for our analysis a
vertical opening of the core shroud wall with the height of 0.9 m and horizontal size of 20 cm
which gives 0.18 m2 cross section. The discretization contains (8x6x29)= 1392 cells for the
half of the reactor vessel. We assume 1.61 steam within the rector vessel with temperature
419.15 K, 124 / water with temperature 417.75 K, 186 t melt with temperature 3000 K - see
Fig.8. The initial pressure is 4.1 bar. We assume pressure 4.1 bar at the 6 safety valves lines
that are open and remain open.
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Material relocation in the reactor pressure vessel as a function of time and space. 0.18
m2 melt release cross section.
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top of the vessel as a function of time. 0.18 m2 melt release cross section.

Results of the computational analysis We present at Fig. 8 the material relocation as a
function of the time and space. Fig.9a presents the pressures as a functions of time in the
down comer periphery below the initial water level. Fig. 9b presents the pressures as functions
of time in the lower head at different positions. Fig.9c presents the pressures as functions of
time in the upper head at different positions. Comparing the material relocation with the
pressure history we reveal several interesting phenomena. The process requires 200s to come
to the natural end at which there is no more water to interact with the melt any more. This is
much longer comparing with the characteristic time of 1 to 3 5 for melt-water interactions in
PWRs - see in [15, 16, 17]. During this time the melt releases considerable part of its internal
energy as seen from the color of the melt representing the melt temperature. The melt reaches
actually the lower head in a form of solid particles. For about 70s the level of the pressure is
around 12 bars. During this time there is pulsating water exchange between the lower head
and the down comer. Melt-water interactions in the down comer cause considerable water
dispersion waves. Water cyclically comes in contact with the melt and is then being repulsed.

Limitation of the present day computer power is the main reason not to attack this
complicated multi-phase problem with the same resolution as those that is now a standard for
single phase flow. Grid dependence is investigated increasing the number of the cells up to
(12x12x29) = 4176 for the half of the reactor vessel. We found that the pressures satisfy the
findings in [10] that the uncertainty in the pressure prediction is within 50% of the pressure
increase.
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Conclusions: The melt water interaction causes pressure spikes below 30 bars maximum
pressure which again having the uncertainties in mind whit which such computations are
associated [10] is of no concern for the integrity of the pressure vessel. Therefore there is no
danger that the external cooling strategy will not start properly.

7. THE CORE MELT ARREST INSIDE THE VESSEL - EXTERNAL
COOLABILITY

The SWR1000 has a considerably larger RPV, Fig. 10, and lower power density
compared to the advanced light water reactors which naturally favors external cooling.

SWR 1000

test pressure 114 bar

Biblis A

test pressure 227 bar

Fig. 10 Size and test pressure comparison between SWR 1000 and Bibblis A reactor pressure
vessels.

The behavior described verbally below is deduced from the computational analysis performed
in this section. It helps to understand better the results presented.

Decay heat inside the pool, reduced by about 25% due to the release of noble gases and
volatile fusion products, causes buoyancy driven convection, which considerably improves
the heat transfer especially at the upper corner of the sea. Crust formation at the internal
vessel wall surface is facilitated, because the vessel steebolidus temperature is lower than the
corium solidus temperature. The remarkable role of the crust is, that it increases the heat
transfer resistance, because ceramic melt has an order of magnitude lower thermal
conductivity than steel. This influences the redistribution of the heat flows in such a way, that
the downward heat transfer is further dramatically reduced. This effect is not deducible from
the experiments with pure liquids.

The radiation from the liquid pool is absorbed by the remaining vessel internals above
the liquid corium surface. The surface of these internals reaches the melting temperature and
starts to melt. Those of the internals being immersed into the melt absorb energy and continue
to melt. As the core structure is entirely supported from below, the melting of the lowest
internals leads to relocation of the upper, not molten parties. The continuously melting
material above the melt surface is streaming downwards into the pool forming a metallic layer
above the ceramic pool, because it is lighter than the oxide. Steel structures which melt inside
the oxide melt join the metal layer for the same reason. The lower solidus temperature of the
metallic layer compared to the oxide solidus temperature reduces the radiation from the top of
the pool. The metal is a good heat conductor. The excess of energy, which comes from the
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oxide sea and can not be removed by radiation, is forced through the vessel. The problem is
strongly nonlinear.

7.1 Briefly about the analytical tool

Knowing that for high Rayleigh numbers the direct numerical simulation is of no practical
interest, and that the large eddy simulation is as reliable as the wall functions used [21] are,
we use the method derived by this author in 1994 [38], applied in 1995 several times for
analysis of different systems [39, 40, 41], and published in 1996 [22].

7.2 Analysis

The geometry considered in our case is given in Fig.l 1. The total mass of the oxide pool
is assumed to be 189 t. This is almost the total available oxide mass. This assumption is very
conservative. The upper surface of the pool is close to the cylindrical part of the vessel as
shown in Fig.l 1. Because the relocation happens in a forest" of steel structures, we assume
that the virtually submerged steel of 60 t is already molten at that time. The reader easily
recognizes how conservative our estimate is. The steel layer, not presented in Fig.l 1, is
assumed to be above the oxide due to the density difference. The assumed total steel mass of
60 t (about 23 cm thickness) is less than the mass of the steel structures up to the upper
chimney end. This assumption is also conservative. Aiother conservative assumption is that
there is no more steel relocation into the lower head during the process considered.

In addition one should keep in mind that the processes are much slower than considered
here, because most of the structures, as already mentioned, are supported from below, which
means that during the melting of their lower part they continuously deliver cold material into
the debris, which has a cooling effect.

The heat conduction and the wall ablation is simulated using 20 x 400 = 8 000 real cells
The initial time is assumed to be 25 000.S after scram. We simulate the first Ah of the process.
At the end of this time interval the temperatures of the two pools start to decrease. The decay
heat decreases from about 17 to 15 MW(SQQ Fig. 12)
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Next we present briefly the result of the analysis. Fig. 12 presents the decay power and the
power transported into the external water around the lower head. The difference between
them is transported by radiation and removed by the water outside the lower head.
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Fig. 13 presents the maximum of the external heat flux as a function of time. Fig. 14 and 15
present the ablation in the wall and the crust formation inside the RPV. In the next section we
discuss whether the assumed nucleate boiling regime holds during the process considered.

7.3 Nucleate boiling limitations

This Chapter presents a brief review of the available literature for limitation of the
nucleate boiling heat transfer due to the special form of the external vessel surface.

Nishikawa et al [24] 1984 investigated experimentally nucleate boiling heat transfer at
surfaces with different inclination, starting with a horizontal upwards directed surface and
increasing the inclination up to 175° for atmospheric conditions. The authors found that for
heat fluxes lower than 20 000 W/m2 the effect is remarkable. The increased inclination
improves the heat transfer conditions, see Fig. 2 in [24]. For larger heat fluxes there is no
noticeable influence. For inclination larger than 175°, downward directed heated surfaces, the
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heat transfer drops to a certain minimum, because bubble movement is then completely
impeded [25, 26, 27]. This trend was confirmed by the later study of Guo and El-Genk [28].
Thus for inclination up to 175° the critical heat flux at atmospheric conditions is not less than
1.4 MW/m2. For larger inclination the critical heat flux damatically decreases.

Kymdldinen et al [29] performed in 1992 an experiment with a large vertical channel
heated sidewards with a stepwise profile connected to a natural circulation loop at
atmospheric conditions. The results show, that up to 1.2 MW/m2 no critical heat flux was
observed.

Cheung and Haddad analyzed in [30] 1994 experimentally the cooling of a small
hemisphere immersed in water at atmospheric conditions (SBLB experiment) and found, that
the critical heat flux is a function of the position and of thesubcooling of the water. For
saturated water the lowest point CHF was about 400 kW/m2. At a position defined by the arc
distance divided by the diameter equal to 0.8 the authors measured about 1 MW/m2. Increasing
the subcooling form zero to 10K results in values about 600 and 1060 kW/m2, respectively.

Rouge [31] reported in 1995 results of the SULTAN test. SULTAN is a large scale
experiment with a 4 m one side heated plate by coolant in a gap with variable thickness. The
plate can be rotated in the space in order to investigate CHF at inclined surfaces at prototypic
reactor dimensions. Tests with the vertical surface show a strong dependence of the CHF on
the exit steam mass concentration and system pressure. For a steam mass concentration lower
than 0.15 the CHF is in order of 1 MW/m2 for 1 bar and higher at 5 bar. Steam mass
concentrations around 0.7 at the exit of the test section reduce these values up to 300 and 500
kW/m2 respectively. Another interesting result is, that the system does not suffer fromLedineg
instability. For an almost down facing surface (10° from the horizontal) reduction of the mass
flow rate dramatically reduces the CHF. Cyclic slug formation is observed at a low mass flow
rate.

Theofanous et al. [37] reported experimental data from the large scale test facility
ZLPU-2000, in which a natural circulation loop is connected to a segment simulating the hot
external reactor lower head wall with heat generation similar to what is expected, if melt is
filled into the lower head. The so called Configuration 2 and 3 are of practical interest. The
experimental data, reduced as follows,

= 1000(500 + 13.3<p) for <p<\5°

=1000(540 + 10.7<p) for 15°<<p<90°,

show, that for Configuration 2 the CHF at the lowest point is about 500 kW/m2 and at the edge
about 1.4 MW/m2, see Fig. 14 in [33]. For Configuration 3 the values are slightly higher. This
is a key experiment to this topic.

Chu et al [32] demonstrated in the CYBL experiment, that from the elliptic bottom of
a vessel with 3.7 m diameter immersed in water 4.3 MW can be removed without any
problems. The authors found that the lowest point of the vessel can remove at least 100 kW/m2

without being in CHF condition. The cyclic nature of the vapor accumulation and release is
also one of the remarkable observations. Later Theofanous et al [33] provided additional
information for the dependence of CHF at the lowest point on the frequency of the oscillation
by using the experimental facility mini-ULPU. For a frequency of 0.25 to 2.4//z the CHF at
the lowest point increases from 380 kW/m2 to 800 kW/m2.

Liu et al. [34] reported in 1999 experiments on small-scale models with lower head
penetrations and simulation of typical heat flux profile. The most important result is
summarized in the following tables, which gives the critical heat flux at different angular
positions without and with penetrations.
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Local critical heat fluxes for the cases with and without instrumentation.
Angular position on the vessel outer surface 0° 18° 45° 60° 75°

Local CHF value without penetration tubes, MW/m2 1.2 1.37 1. 1.5 >1.5
Local CHF value with penetration tubes, MW/m2 1.32 1.3 1.03 1.5 >1.5

Local critical heat fluxes at different subcooling levels for the case with instrumentation
tubes.
Coolant temperature, °C 90 93 97 f00

Local CHF for angular position at 0°,MW/m2 1.32 1.32 1.32 1.32
Local CHF for angular position at 18°, MW/m2 >1.5 1.5 1.48 1.3

The conclusion is made that the penetrations in the lower head have almost no influence on
the critical heat flux. They even increase slightly the critical heat flux at the lowest point of
the vessel. The error of the heat flux measurements reported was 7%.

Conclusions: We found a residual wall thickness of \5cm at about 3 m arc distance from the
lowest vessel point - Fig. 14. The maximum of the sidewards head flux was 280 kW/m2 - Fig.
13. This is 4 to 5 times less than the critical heat flux experimentally observed for lower
heads without penetrations - compare with [24-34]. The maximum of the heat flux at the
lowest point is 100 kW/m2. Again this is 4 times less than the experimentally observed critical
heat flux for such geometry - compare with [24-34]. Framatome Advanced Nuclear Power has
already lunched his own experimental program on external cooling with penetartions - see
Schmidt et al [42]. The first test series was performed with 1/10 scale model of the SWR1000
and air injection through the lower head simulating the boiling process in a volume flow rate
corresponding to this analysis - see Fig. 16.

The penetration tubes are arranged in a rectangular grid. Schmidt et al demonstrated that due
to the bubble generated turbulence there is no predominant direction for water and bubble
flow around the lower head influenced by the rectangular grid of the penetrations. The next
experimental series will be cared out with full scale 1/6 segment of the lower head with up to
1.2 MW electric heating. The completion of the experimental program is expected in July
2001.

7.4 The straight potential of the most ablated vessel cross section

The temperature of the vessel wall is presented in Fig. 17. From this analysis we see that about
7 cm wall possess temperatures being below 1000 K at the most jeopardized location. This
guaranties that the lower head possesses enough strength to remain intact and to hold the melt
and the debris in the vessel.
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Fig. 16 Heat flux removed from the coolant as function of the arc distance at the end of the
process considered.
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Fig. 17 Spatial temperature distribution inside the RPV wall at the end of the process
considered.

Note that a break as the reason for the discussed transient leads to equalized steam space
pressure inside the vessel and outside the containment. The RPV which is submerged into the
water exerts Arhimedes loads which compensate the own weight of the RPV with its internals.
Thus the load in this cross section is a pressure and not a extension. Thus, the integrity of the
vessel is guaranteed for the long term cooling.
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7.5 The lower head penetration welds behavior

oooo

As already mentioned, the penetrations and the control rod drive structures are
mechanically connected to a horizontal concave steel diaphragm shield with a mass of about
72 t having about 15 cm thickness and about 9 m diameter below the lower head being
flooded during postulated severe accidents. The important goal achieved by this measure is: If
some of the welds between the penetration and the lower head fail due to thermal stresses
[10], it effectively eliminate melt relocation from the lower head into the reactor pit because
the penetrations are still kept at the same place and are cooled by the external cooling water.
As shown on Fig. 15 the oxide crust is very thick at those regions characterized by low internal
heat transfer coefficients [9], seals the welds and keep the melt stable inside the lower head.

7.6 Behavior of melt penetrating in externally cooled tubes

If melt would relocate in the externally cooled penetration tubes e.g. instrumentation
tubes, which is very unlikely because they are sealed by the earlier relocation of low melting
temperature materials, the residual thickness of the tubes is sufficient to hold the melt inside
the tubes. After a short time period the melt solidified in the externally cooled tubes -
Wittmaak [35]. Melt release out of the RPV is thus considered extremely unlikely.

8. CONCLUSIONS

In case of postulated severe accidents with melt formation, the melt relocation from
the core into the lower head partially filled with water leads to very intensive but local melt
water interactions with very small amount of melt interacting simultaneously with water. In
non-of the considered cases the interacting melt-water mass released mechanical energies that
are able to destroy the externally cooled reactor pressure vessel. Thus, the integrity of the
vessel wall geometry is guaranteed during the melt relocation from the core region to the
lower head.

The coolability part of our study contains the analysis of internal natural circulation, wall
ablation, as well as the spatial and the temporal distribution of the heat fluxes in the lower
head of the SWR-1000 reactor vessel for a postulated severe accident with melt relocation into
the lower head. Due to wall ablation up to 16 cm remaining wall thickness was found being at
about 3 m arc distance from the lowest point of the lower head. This area is inside the oxide
region just below the metal layer. The maximum of the computed heat flux has a value of
about 280 kW/m2, which is about four to five times less than the experimentally measured
values of the critical heat flux for such a geometry. The maximum heat flux at the lowest point
has a value of lower than 100 kW/m2 and is again about four times less than the experimentally
observed values for the critical heat flux. Taking into account the uncertainty with which such
analysis is naturally associated, we found that there is a comfortable large safety margin
allowing to consider the external cooling as an important element of the strategy to control
severe accident events in the SWR-1000.

The computational estimate reported here presents an absolute upper bound. If one
relaxes the conservative boundary conditions, the heat fluxes may be reduced additionally by
a factor of two. In addition taking into account that the corium particles are solidified and cold
after the relocation will farther extend the process in time and at the time of the heat flux
maximum the decay heat will be much lower. Thus, the heat fluxes are probably an order of
magnitude lower than the critical heat fluxes. This safety margin allows for any spatial heat
flux irregularities caused by the complicated external geometry.
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Thus we conclude that external cooling for the SWR1000 is a valuable strategy for
accident management during postulated severe accidents.
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